We have adapted an actin-myosin motility assay to examine the interactions in vitro between actin cables isolated from the giant internodal cells of the freshwater alga, Nitella, and pigment granules extracted from red ovarian chromatophores of the freshwater palaemonid shrimp, Macrobrachium olfersi. The chromatophore pigment mass consists of large (0.5-1.0-mm diameter) membranebounded granules, and small (140-nm diameter), amembranous granules, both structurally continuous with the abundant smooth endoplasmic reticulum. Our previous immunocytochemical studies show a myosin motor to be stably associated with the pigment mass; however, to which granule type or membrane the myosin motor is attached is unclear. Here, we show that sodium vanadate, a myosin ATPase inhibitor, markedly increases the affinity of isolated, large, membrane-bounded granules for Nitella actin cables to which they become permanently attached. This interaction does not occur in granule preparations containing ATP with uninhibited, active myosin without vanadate. We propose that a stable state of elevated affinity is established between the granule-located myosin motor and the Nitella actin cables, resulting from a vanadate-inhibited acto-myosin-ADP complex. This finding provides further evidence for a myosin motor positioned on the surface of the membrane-bounded pigment granules in shrimp ovarian chromatophores.
INTRODUCTION
Chromatic adaptation is a polyphyletic trait common to many animal groups. Rapid, reversible chromomotor adaptation predominates in fish, amphibians, reptiles and crustaceans, and consists of the coordinated movement of colored pigments within chromatophores. Pigments can be either dispersed throughout the cytosol, imparting a specific color, or aggregated to varying degrees, subtracting the pigment color from the organism's overall color-scheme. Long-term chromogenic adaptation involves changes in the number of chromatophores per unit area of integument and in the quantity and type of pigment.
Chromatophore arrangement and subcellular organization are notably diverse among different animal taxa. To illustrate, cephalopods possess complex ''chromatophore organs,'' each consisting of a central elastic sack containing hundreds of individual pigment granules surrounded by radially-disposed, innervated muscle fibers that rapidly contract to stretch the sack and disperse the pigments, or relax to aggregate the pigments. Vertebrates like fish, amphibians, and reptiles possess stationary chromatophores in which protein motors translocate individual pigment granules independently, depending on cell signaling events specific to pigment aggregation or dispersion (see Tuma and Gelfand, 1999 for review) .
In Crustacea, chromatophores also provide chromatic adaptation to the surrounding environment. Our studies, developing a general model of pigment migration in palaemonid shrimp chromatophores, reveal a cellular organization and pigment translocation mechanism quite different from those of vertebrates and cephalopods. The perikarya of ten to twenty, asymmetrical, highly dendritic pigment cells are intimately juxtaposed in a radial fashion to form a stellate chromatosome of < 200-mm diameter (McNamara, 1981) . Such pigmentary effectors lie within the integumental epidermis and on the surface of internal organs, including the nervous, digestive, and reproductive systems, providing camouflage and protection from ultraviolet radiation.
In the epidermal and nerve-cord chromatophores of the tide-pool shrimps Palaemon affinis Milne-Edwards, 1837 and P. northropi (Rankin, 1898) , and in the red, ovarian chromatophores of the freshwater shrimp, Macrobrachium olfersi (Wiegmann, 1836), the pigment granules are bound together by an extensive network of smooth endoplasmic reticulum cisternae that impedes their independent transport (McNamara, 1980; McNamara and Sesso, 1982) . The granules form a single structural unit exhibiting elastic properties, the pigment mass, that consists of the smooth reticulum, and large, electron-dense, membrane-bounded granules of < 450 nm diameter, resolvable by light microscopy, interspersed among abundant, small, electron-lucent, amembranous pigment granules of < 140 nm diameter (McNamara and Ribeiro, 1999) , below the resolution of light microscopy. Granule aggregates isolated from M. olfersi chromatophores with either dispersed or aggregated pigments label intensely for the protein motors myosin and kinesin, suggesting a stable association (Boyle and McNamara, 2006) . Further, pigment transport velocity in M. olfersi chromatophores is biphasic, exhibiting rapid and slow components, a phenomenon unknown in other chromatophore systems (McNamara and Ribeiro, 1999) . JOURNAL OF CRUSTACEAN BIOLOGY, 29(3): 387-392, 2009 Based on mathematical modeling, we have proposed that the pigment mass behaves like an intracellular spring. Kinesin and myosin may alternately stretch and compress the elastic pigment mass, charging it with a passive force that is released during the rapid phases of pigment translocation (Boyle and McNamara, 2008) .
To effect chromatic adaptation, the pigments within individual crustacean chromatophores aggregate or disperse in concert with others of the same color type under the regulatory control of antagonistic neuropeptide hormones released from the X-organ/sinus gland complex. Red Pigment Concentrating Hormone (Josefsson, 1967; Fernlund and Josefsson, 1972) triggers pigment aggregation in M. olfersi ovarian chromatophores in vitro with highly reproducible kinetics consisting of a brief burst of rapid pigment translocation (2-4 min at 15-20 mm/min) followed by a phase of slow translocation (8-10 min at 3-5 mm/min) (McNamara and Ribeiro, 1999) . Since the myosin-ATPase inhibitor, butanedione monoxime, inhibits slow-phase pigment aggregation (McNamara and Ribeiro, 1999) , a myosin motor is the most likely pigment aggregator. Cytochalasin B, an actin microfilament disrupting agent, completely inhibits aggregation (Robison and Charlton, 1973; McNamara and Ribeiro, 1999 ) also suggesting an actin-myosin interaction. Functional inhibition studies, using polyclonal, anti-myosin, whole-molecule antibodies (pan-myosin) that bind to the pigment granules in homogenized chromatosomes, reveal attenuation of pigment aggregation in permeabilized chromatosomes also suggesting a granule-coupled myosin (Boyle and McNamara, 2006) .
Myosins constitute a large superfamily of at least 20 classes of actin-dependent motor proteins, and nearly all eukaryotes express at least one myosin class (Thompson and Langford, 2002; Richards and Cavalier-Smith, 2005) . Convincing studies have demonstrated actin-myosin participation in granule transport in mouse (Wu et al., 1997; Wu et al., 1998) , fish (Rodionov et al., 1998; Rodionov et al., 2003) , and amphibian melanophores (Rogers and Gelfand, 1998; Rogers et al., 1999) , and also have established that myosin, kinesin, and dynein coordinate pigment granule transport in vertebrate chromatophores (see Tuma and Gelfand, 1999 for review) . Cytoplasmic dynein coupled to membrane-bounded pigment granules powers pigment aggregation; myosin V and kinesin II, also resident on membrane-bounded granules, together maintain pigment dispersion. However, very few data are available on actin-myosin systems and pigment transport mechanics in crustacean chromatophores (Tuma et al., 1995; McNamara and Ribeiro, 1999; Ribeiro and McNamara, 2003; Boyle and McNamara, 2006) .
The freshwater alga Nitella sp. has long been used to study cytoplasmic streaming (Probine and Preston, 1958) . Nitella possesses bundles of actin cables, each containing from 50 to 100 actin filaments arrayed in uniform polarity, that line the cytoplasmic face of its giant internodal cells, facilitating cytoplasmic streaming, and supporting the rows of chloroplasts lining the cell wall. Nitella also has been widely used as a model to study actin-myosin interactions. Sheetz and Spudich (1983) developed the first in vitro assay employing a longitudinally transected Nitella internode cell to study actin/myosin interactions using purified rabbit skeletal muscle myosin, showing that myosin-coated latex beads moved in a single direction relative to the actin cable polarity in an ATP-dependent manner (Sheetz and Spudich, 1983) .
Myosin motility also correlates with its ATPase activity , and the Nitella actin system has been used to demonstrate the roles of myosin regulatory light chains and calcium in scallop myosin-based movement (Vale et al., 1984) elucidating details of the myosin ATPase cycle. In simplified form, the myosin ATPase cycle can be considered as alternating states of low (myosin-ATP) and high (myosin-ADP) actin affinity. Vanadate compounds are well-studied phosphatase inhibitors, and peroxovanadates and their carbon and nitrogen containing derivatives inhibit phosphotyrosine phosphatases (Bevan et al., 1995; Fantus and Tsiani, 1998; Bhattacharyya and Tracey, 2001 ). The mechanism of vanadate ATPase inhibition appears to involve a stable configuration of the vanadate ion with the nucleotide diphosphate at the ATP binding site (Smith and Rayment, 1996) . ATP binding is coordinated by a semi-conserved group of eight amino acids termed the Walker A motif [GXXXXGKT(S) where X is any amino acid] (Walker et al., 1982) . Evidence is mounting that vanadate inhibits most ATPases by a common mechanism. Thus, if vanadate produces a stable myosin-ADP complex, this in turn should produce a halted and stable acto-myosin-ADP-vanadate complex (Whittaker et al., 1995) with continuous and elevated actin affinity.
Given the unique pigment transport kinetics and ultrastructural organization of M. olfersi red ovarian chromatophores, in the present investigation, we have reproduced the Nitella assay, to evaluate whether the large membrane-bounded pigment granules might possess a surface-associated myosin. We demonstrate a controllable affinity of this granule type for Nitella actin cables in vitro using the myosin ATPase inhibitor sodium vanadate, revealing elevated granule affinity after vanadate treatment. These positive findings provide further evidence that the presumptive myosin pigment aggregator is arrayed directly on the granule membrane surface itself and that actin is the principal cytoskeletal component against which the myosin molecules translocate their granule cargos. This is an important step in understanding mechanistic similarities and differences in chromatic adaptation across the animal kingdom.
MATERIAL AND METHODS
Adult, female Macrobrachium olfersi, measuring 5-6 cm in total length, were collected from the marginal vegetation of the Paúba River (23u47.8429S; 45u32.5749W) in São Paulo State, Brazil. In the laboratory, shrimps were maintained in 60-L tanks containing fresh water from the collection site, and fed on alternate days with minced beef, carrot, beetroot, and spinach. Prior to experiments, shrimps were transferred to a black background for at least two hours to disperse the pigments of their red ovarian chromatophores.
To prepare isolated chromatophore pigment granules, whole ovaries were rapidly removed from several shrimps under a physiological saline consisting of NaCl (180 mM), KCl (5 mM), MgCl 2 (1 mM), CaCl 2 (5.5 mM), dextrose (2 mM), sodium bicarbonate (2.5 mM) and HEPES (5 mM) (pH 7.4). The ovaries were rinsed rapidly in a small beaker of ice-cold distilled water and transferred to a 35-mm diameter culture dish containing 2 mL ice-cold potassium glutamate buffer [KG buffer, glutamate (potassium salt, 140 mM), dextrose (5 mM), PIPES (potassium salt, 20 mM), magnesium acetate (7 mM), EGTA (1 mM) and CaCl 2 (0.213 mM, free Ca 2+ 5 100 nM)] (pH 7.1, adjusted with KOH) + 2 mM Na 2 ATP + protease inhibitor cocktail (Sigma) for the control groups (control buffer), or 2 ml KG buffer + 2 mM Na + -Vanadate + protease inhibitor cocktail for the myosin-inhibited groups (vanadate buffer) (Boyle, 2005) .
Vanadate was chosen to inhibit the myosin putatively associated with the membrane-bounded pigment granules since vanadate species stabilize the protein-ADP complexes of ATPases containing the Walker-A motif (Walker et al., 1982; Goodno, 1979) . Thus, vanadate-inhibited myosin should produce a stabilized myosin-ADP complex with continual affinity for actin.
The ovaries were transected sagitally and the eggs were gently removed, leaving the two halves of the fine, fibrous capsule containing the numerous, red chromatosomes. One half of each capsule was then transferred to a hand-held micro-homogenizer (Wheaton) containing 100 mL ice-cold control buffer for the control groups. The corresponding half of each capsule was transferred to 2 mL vanadate buffer for the myosin-inhibited groups. The capsule halves containing the chromatosomes were then homogenized on ice for one minute until a pinkish suspension of pigment granules was detected.
Nitella was collected from a pond on the University of São Paulo campus in Ribeirão Preto (21u9.8549S; 47u51.5319W), Brazil. Giant internodal cells, approximately 2 cm in length, were washed briefly in distilled water, placed in 2 mL KG buffer, and the cells were diced into short tubular segments of 2-3 mm each using iridectomy scissors.
After a 5-minute incubation on ice, 100 mL of Nitella segments were combined with 100 ml of each chromatosome homogenate (either control buffer or vanadate buffer) in a microcentrifuge tube. The mixture was then warmed to room temperature and gently aspirated several times with a plastic transfer pipet for one minute to facilitate contact between the Nitella segments and the pigment granule homogenate. A 50-ml sample of the mixture was placed on a standard microscope slide and covered with a 0.7 mm thick coverslip. The preparation was immediately inspected using a light microscope (Zeiss, Jandel) at 1,200 3 magnification for up to 15 min. Each experimental series (control and vanadate-inhibited myosin) was performed 5 times.
Owing to autofluorescence of the pigment granules themselves, actin filaments are difficult to visualize by fluorescence microscopy within the cytoplasm of ovarian chromatophores in M. olfersi. The fibroblasts of the ovarian tissue capsule itself exhibit abundant actin and other filaments. Thus, the fine, dendritic chromatophore extensions that interdigitate among the surrounding, intensely labeling, actin-containing fibroblasts, together with the autofluorescent chromatophore pigments, render the direct detection of an actin cytoskeleton difficult (Boyle, 2005) . However, an actin-like cytoskeleton has been revealed ultrastructurally using specialized fixation techniques (Ribeiro and McNamara, 2003) , corroborating the pharmacological evidence that an actin system is required for pigment translocation in ovarian chromatophores (McNamara and Ribeiro, 1999) .
RESULTS AND DISCUSSION
Pigment granules, freshly isolated from the red, ovarian chromatophores of M. olfersi, when incubated in KG buffer containing 2 mM Na 2 ATP without Na + -vanadate (control buffer, active myosin), were never observed juxtaposed to the exposed Nitella chloroplasts (Fig. 1) . However, when incubated in KG buffer containing 2 mM Na + -vanadate without Na 2 ATP (vanadate-inhibited myosin), the granules show an increased affinity for the chloroplast layers to which they visibly and frequently adhere (Figs. 2-3 ). These pigment granules do not translocate and remained fixed to the chloroplasts for the entire inspection time (< 15 min) (Figs. 3-5) .
While isolated pigment granule preparations are fairly easy to produce, their physical properties unfortunately encumber analysis in vitro. The large membrane-bounded pigment granules possess a specific gravity very similar to that of the experimental buffers and cannot be pelleted even at 20,800 rcf. In buffer solution, the granules form a homogeneous, colloidal suspension of low granule density, which shows no discernible contact with the Nitella chloroplasts, since this organelle layer is denser and rests at the bottom of the experimental chamber. Contact between the two components of the assay was facilitated by gentle trituration with a plastic transfer pipet. In the experimental groups containing vanadate-inhibited myosin, such careful trituration produced Nitella fragments with the easily observed, large, red pigment granules continually adhered to the chloroplasts (Figs. 3-5) . It is exactly the elevated actin affinity of the arrested myosin-ADP phase that we believe induces irreversible granule adherence to the Nitella actin cables observable in the vanadate-inhibited preparations. In the uninhibited control preparations containing active myosin, isolated in KG buffer supplemented with 2 mM ATP, pigment granules were never seen in contact with the Nitella chloroplasts ( Fig. 1) , even after more than 2-min trituration, which destroys most of the Nitella chloroplast monolayers.
Myosin motility assays using Nitella (Vale et al., 1984; Sheetz et al., 1984; Flicker et al., 1985; Spudich et al., 1985) have shown that myosins derived from scallop, squid, and rabbit skeletal muscle function normally within the Nitella actin system. In such experiments, myosin, covalently bound to 1-mm micro latex beads and visualized by video-enhanced light microscopy, transports the beads with kinetics similar to those measured in other systems. We have already shown by immunofluorescence that myosin appears to be associated with the 0.5-1-mm diameter, membrane-bounded pigment granules readily visible by light microscopy in M. olfersi ovarian chromatophores (Boyle and McNamara, 2006) .
The myosin force-producing cycle begins with the binding of ATP to its hydrolysis site on the actin-bound myosin head domain. ATP binding to the catalytic domain of the myosin heavy chain reduces the affinity of the head domain, allowing release from the actin filament, initiating a new catalytic cycle. The myosin head undergoes a rotational conformation change, concurrent with ATP hydrolysis, allowing binding to a new actin-binding site. The step size or distance to the next actin-binding site varies among myosin heavy chain classes, and is influenced by the physical characteristics of the actin filament pseudohelix and the physical constraints of the myosin heavy chain (Berg et al., 2001) . Sequential release of the hydrolysis products, Pi and ADP, initiates the power stroke, returning the myosin head domain to its original confirmation, tightly bound to the actin filament. Thus, any inhibitor that can arrest the ATPase cycle by stabilizing myosin-ADP should produce a stalled motor protein with elevated affinity for actin filaments. This generally accepted hypothesis of the myosin ATPase cycle (Alberts et al., 2002; Lodish et al., 2003) forms the basis of our experimental rationale in evaluating the affinity between the myosin from pigment granules in M. olfersi ovarian chromatophores and the actin cables in Nitella. Fig. 1 . 1, Control KG buffer containing 2 mM ATP, but no sodium vanadate (active myosin). Pigment granules isolated from red, ovarian chromatophores of M. olfersi do not adhere to actin cables lining cytoplasmic face of giant internodal cells in Nitella sp., and no pigment granules can be seen associated with chloroplasts. Five replicate preparations using different ovaries were performed, and a representative micrograph is shown. Scale bar 5 50 mm.
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Five replicates for each condition were performed, producing identical results in which all replicates within a treatment showed consistent results. We conclude that the presence of ATP and absence of vanadate from the control buffer prevent the isolated pigment granules from adhering to the Nitella actin cables. Further, conversely, the presence of vanadate and absence of ATP from the myosininhibiting buffer induces the pigment granules to adhere to the actin cables at the surface of the Nitella chloroplast monolayers. The most likely interpretation is that a myosin motor is directly arrayed on the pigment granule membrane surface as suggested by our previous fluorescence study on isolated pigment granules using an anti-myosin whole serum (Boyle and McNamara, 2006) .
How might myosin-ATPase activity be regulated in the red ovarian chromatophores of M. olfersi? Our previous experimental evidence implicates a myosin motor as the pigment aggregation effector (McNamara and Ribeiro, 1999; Boyle and McNamara, 2006 ; also Robison and Charlton, 1973) ; it is thus tempting to suggest that pigment granule myosin-ATPase activity might be down-regulated in fully dispersed chromatophores. However, because the pigment granules in this in vitro assay were isolated from chromatophores containing fully dispersed pigments, we suggest that the myosin motor is constitutively active, a notion supported by our previous demonstration of pigment hyper-dispersion in myosin immuno-inhibited chromatophores (Boyle and McNamara, 2006) . Alternatively, myosin-ATPase activity might indeed be down-regulated in chromatophores containing dispersed pigment, and the granule isolation procedure and in vitro assay itself may have activated the motor. This in vitro artifact is very unlikely, however, in view of the low free Ca 2+ (100 nM) present in the buffer used, which is below the threshold (10 23 M extracellular Ca
2+
) for calcium ionophore (A23187)-activated pigment aggregation (McNamara and Ribeiro, 2000; Ribeiro and McNamara, 2007) .
